BACKGROUND-Accurate localization and visualization of subdural electrodes implanted for intracranial electroencephalography in cases of medically refractory epilepsy remains a challenging clinical problem.
Epileptic patients with medically intractable localization-related seizure disorders often require implantation of subdural electrodes for the purpose of seizure localization [1] [2] [3] [4] and mapping of eloquent cortex 5, 6 as part of their surgical evaluation. Once the electrode locations where seizures arise are identified, neurosurgical planning to define the boundaries of the required surgical resection can pose a challenging problem if the cortical locations of the subdural electrodes are not clearly determined. Accurate knowledge of electrode positions assumes greater significance when the epileptogenic zones border eloquent cortices such as language, motor, or visual areas. Several techniques have been used to visualize electrode placement in vivo, including artifact localization, 7, 8 3-dimensional reconstruction and x-ray-derived location projection, 9,10 automated template magnetic resonance imaging (MRI) transformation and projection, 11 x-ray coregistration, 9, 10, 12 curvilinear reformation, 13 computed tomography (CT)/MRI coregistration [14] [15] [16] computeraided stereotactic model creation, 17 as well as digital 2D photography coregistered to 3-dimensional (3D) reconstructed MRI. 18, 19 More recently, intraoperative fluoroscopy has been used for strip electrode placement. 20 These methods are useful to a degree in the visualization of electrode locations, but each lack accuracy and/or resolution in imaging detail because of interpolation and projection limitations.
Some of the more recently published procedures rely on 2-dimensional (2D) photographic and x-ray 9,10 information regarding electrode position. This requires the estimation of complicated 3D brain geometry with 2D pictorial information and limits localization to those electrodes exposed. Strip electrodes placed via burr holes are not visible with these techniques.
Closure of the craniotomy causes brain distortion and cortical compression, 21, 22 and can physically shift electrodes from their initial position. This brain compression has been depicted in previous studies 7, 10, 23 and affects the cortex at the critical period of patient monitoring. In all previously published techniques, preimplantation MRI has been used to create cortical rendering models. 10, 12, 14, 19, 24 This is done because MRI images gathered postimplantation are subject to magnetic field susceptibility artifacts caused by the metal electrodes at the surface of the brain. Thus, 3D rendering of electrode-affected images has been limited. Consequently, brain shift and compression caused by electrode grids and craniotomy defects has never been satisfactorily addressed in imaging models.
The method described here provides a measurement of electrode positions overlaid on 3D renderings of patient-specific, post-implantation cortical surface reconstructions. This method relies on a combination of postimplantation CT and MR imaging and provides 3D representations of each patient's uniquely compressed cortical surface anatomy with intracranial electroencephalography (iEEG) electrodes overlaid. Midline cortical surface views are also realizable. In addition, we describe a method for creating illustrative electrode "shadows" that identify cortical patches beneath each electrode and help locate sulcalstraddling electrodes that may potentially pick up iEEG signals from 2 adjacent gyri.
METHODS
Six adult patients (S1 to S6) (2 male, 4 female; mean age, 32 years) with medically intractable epilepsy undergoing surgical implantation of subdural electrodes for epileptic zone localization were enrolled in this study. Our institutional review board approved this Health Insurance Portability and Accountability Act-compliant study. All patients gave informed written consent.
Electrode Implantation
Implanted platinum-iridium alloy electrode discs (4-mm diameter) were arranged in a grid (8 × 8) , partial grid (8 × 2), strip (4 × 1 or 6 × 1), and/or a combination of each (Ad-Tech Medical, Racine, Wisconsin). In some cases (as shown in Figure 1E ), grids were trimmed of unnecessary electrodes at the discretion of our neurosurgeon (W.M.). Burr hole (trephine) craniotomy implantations were performed for some strip electrode implantations. The subdural grids were sewn to the dura to prevent movement during inpatient seizure monitoring with continuous video-iEEG recording.
Medical Imaging
Patients underwent 2 separate imaging studies for epilepsy (resective) surgery planning after the placement of subdural electrodes. Structural 3D T1-weighted spoiled gradient echo (SPGR) MR images were gathered using a 1.5-T MR unit (GE Healthcare, Waukesha, Wisconsin) with commercially available hardware and software, voxel size, 1.25 × 1.25 × 1.3 mm; repetition time, 8.74 ms; echo time, 1.66 ms; field of view, 256 × 256 mm; and flip angle, 15°. A postimplant high-resolution CT (GE Healthcare, Waukesha, Wisconsin) scan was also acquired with commercially available multidetector hardware, helical scan with voxel size of 0.5 × 0.5 × 0.625 mm, tube voltage of 140 kV, 250-mm field of view, current (310, 325, 325, 300, 250, and 250 mA, respectively, S1 to S6), and gantry angle (7, 14, 13.5, 0, 27.5, and 5.5°, respectively, S1 to S6). The postimplant MR imaging was used to create a 3D reconstruction of the brain affected by compression, whereas the CT data were used for electrode localization by way of rigid coregistration to the postimplant MR data. In each patient's case, both CT and MR images were gathered within 12 hours of electrode implantation surgery.
MRI Processing
MRI data were processed using Freesurfer (www.surfer.nmr.mgh.-harvard.edu) to produce patient-specific 3D cortical surface models. [25] [26] [27] Because of craniotomy and electrode defects that caused imaging artifacts, in 2 cases, manual edits were performed to correct errors in automated skull-stripping results generated by Freesurfer. The automated skullstripping tool BET (FMRIB software library, http://www.fmrib.ox.ac.uk/fsl) was also used in lieu of manual editing on 2 other patients, because poor skull stripping affected processing time.
CT Image Processing
Postimplantation, CT data were gantry angle corrected using a shear correction term in the transformation matrix and resampled using trilinear interpolation to 1-mm isotropic Freesurfer MRI space. Data were then coregistered to postimplant MRI data 15, 16 using the mutual information algorithm in FLIRT (FMRIB software library, http:// www.fmrib.ox.ac.uk/fsl). A board-certified radiologist (S.R.) visually verified the coregistration of all data. The CT data were then thresholded and binarized to limit the image information to the electrodes only. 17 The threshold value was chosen manually to eliminate streak (beam hardening) artifact from the electrodes, 7 as shown in Figure 1A (yellow dots overlaid on MRI).
Electrode Shadow Creation
The creation of brain surface-based electrode shadows began by 3D smoothing of binarized CT electrode maps with a 2-mm-radius Gaussian filter, as shown by example in Figures 1A and 1B. Pial brain surfaces derived from Freesurfer were then partially inflated in a stepwise manner, looking for intersections with the CT electrodes. Any intersections with the inflated pial surfaces ( Figure 1B Figure 1D ).
3D Model Creation and Display
Freesurfer-generated pial surfaces bearing electrode shadows were loaded into 3Dslicer (http://www.slicer.org) for viewing. Then, 3D tessellations were rendered around thresholded CT electrodes for simultaneous visualization of the brain surface generated from routine clinical MR imaging with iEEG electrodes generated from routine clinical CT imaging. This resulted in 3D brain surface models with "orbiting" electrodes overlaid on the cortex ( Figures 1F, 2 , 3A, 3C, 3E, 4, and 5E).
Qualitative Comparison With Intraoperative Photography
Digital photographs of visible electrodes were taken for research purposes at the time of epileptic zone resection on 3 patients (S1 to S3) for qualitative visual comparison with 3D models ( Figures 3B, 3D , and 3F). The photographs were obtained with a consumer-grade, commercially available 7-megapixel digital camera (Sony Inc., New York, New York), and were cropped and converted to grayscale using Photoshop software (Adobe Inc., San Jose, California). To alleviate concerns of possible electrode shift before epileptic zone resection and to avoid excessive lengthening of the surgical procedure for research purposes, electrodes were carefully and minimally exposed for photography, as evident in portions of Figure 3 .
Comparison With Skull-Stripped, 3D Volume Rendering by Analyze Software
As a final test of the new approach, the 3D models were compared with what can be obtained using the commercial Analyze software package. 28 The clinical postimplant 3D T1w SPGR dataset was loaded into the Analyze workspace and converted to cubic voxels (isotropic, 1 to 1.5 mm). The semiautomated skull-stripping tool in the SISCOM module was performed. Any residual skull, extra-axial fluid, or grid metal artifact was manually edited as needed.
The clinical postimplant CT dataset was gantry angle-corrected, loaded into the Analyze workspace, and converted to cubic voxels (isotropic, 0.5 mm). The isotropic CT dataset was manually thresholded, leaving only metallic contacts from intracranial electrode grids and/or strips.
The original isotropic CT dataset (match) was then aligned to the original isotropic SPGR dataset (base) with the semiautomated 3D Voxel Registration function (normalized mutual information algorithm). The resulting transformation matrix was then applied to the thresholded CT dataset to coregister the electrodes to the skull-stripped SPGR dataset. The coregistered CT and MRI datasets were then fused, and displayed with 3D volume rendering (volume-compositing algorithm).
RESULTS

Surface Reconstruction and Model Creation
Freesurfer accurately reproduced cortical surfaces from routine clinical brain MR imaging in the presence of electrode artifacts, leaving major sulcal and gyral patterns intact in a rendering ideally suited for interactive, computer-guided surgical planning (Figures 4 and  5D ). Comparison with actual anatomy as photographed in the operating room also confirmed that identifiable sulcal and gyral landmarks were accurately rendered by the software (Figure 3 ). For each patient, the Freesurfer cortical reconstruction took approximately 24 hours, or 12 hours per hemisphere on a 2.6-GHz Intel Core 2 Duo MacBook Pro (Apple Inc., Cupertino, California).
The combination of Freesurfer-derived surfaces and 3Dslicer's rendering and viewing capabilities provided a real-time, operator-guided rotational viewing of the combined 3D model of the brain surface rendering and orbiting electrodes and simultaneous traditional 2D coronal, sagittal, and axial views.
Assessment of Sulcal-Straddling Electrodes
As shown in Figure 2 , the electrode shadows were used in the visual identification of electrodes centered on a sulcus. Smoothing of the electrode map before projection proved essential, because the use of unsmoothed electrodes ( Figure 1C ) led to partial and unpredictable grid electrode coverage of the brain surface.
Comparison of 3D Model With Photographs
As portrayed in Figure 3 , the 3D model of the brain surface accurately depicted the location of the electrodes when compared qualitatively with intraoperative photographs taken at the time of epileptic zone resection in the first 3 patients (S1 to S3). Figure 3A shows electrodes 12 to 15 clearly lying in the same gyral locations in the anatomic correlate on the right. Electrode 54 in Figure 3C and electrode 30 in Figure 3E were both determined to be straddling a sulcus, which proved to be the case when photographed ( Figures 3D and 3F , respectively). There remained a significant portion of electrodes (especially those in strips) that were never directly observable, and therefore not photographable in the operating room, so no comparison could be made. Visualization of these "hidden" electrodes was achieved (Figure 4 ) with our approach, which allowed clinicians to see the location of strips beyond the edge of the craniotomy defect in the skull.
Comparison of Surface Creation Software
Major landmarks such as the Sylvian fissure and the central sulcus are visible with both 3D rendering techniques applied to MRIs with grids placed. Smaller anatomic features, such as the supramarginal and angular gyrus, are distorted on the Analyze-rendered surface, although visible with the Freesurfer-rendered surface. Both, to some extent, exhibit surfacebased distortions caused by the electrode artifacts, but sulcal definition is much more intact on the Freesurfer surface ( Figure 5 ). Strip electrodes located beneath the temporal lobe are visible with the Freesurfer-derived surfaces, but not with the Analyze rendering because of the inclusion of the cerebellum. The 3D rendering in Analyze was markedly faster than Freesurfer, though it required increased manual editing time. On the order of a few minutes rather than hours.
DISCUSSION
We provide a novel 3D image-processing technique for visualizing subdural electrodes on accurate compression-affected brain models based on imaging gathered postimplantation. This new method serves as an ideal platform for surgical planning, allowing simultaneous visualization of the postimplant 2D MRI with CT overlay, and a realistic 3D model of the combined modalities. We also provide a method for determining corresponding electrode "shadows" of the nearest cortex that are presumably sampled with iEEG. Our method relies on the acquisition of routine clinical postimplantation MRI and CT images, and open-source software for cortical brain surface reconstruction, image coregistration, and visualization.
The advantages of our rendering scheme are numerous. The electrode positions on the cortex are determined with reference to the postimplantation state of the brain surface, which accommodates significant amounts of cortical flattening and distortion due to craniotomy defects. Cortical displacement can be a serious issue, as shown in previously published reports 10, 22, 23 such as Figure 5 in Dalal et al. 10 Techniques have typically relied on electrode visualization on a preimplantation brain MRI scan that is unaffected by cortical shift or metallic electrode artifact. 9, 10, 12, 14, 19, 24 Until now, these cortical displacement effects on electrode position have been impossible to measure accurately in 3D models, and consequently have been ignored. Our current technique gives researchers and clinicians the ability to measure electrode positions in the same postimplantation state in which patients are monitored with iEEG.
Freesurfer proved to be superlative in brain surface reconstruction in comparison with Analyze software because of the methods it uses in brain model creation. Freesurfer begins at the white matter/gray matter boundary, and following intensity gradients outward, creates the pial surface. This method preserves the underlying brain architecture, while reducing the dependency on metallic artifact-laden cortical surfaces for architectural definition. Freesurfer processes each cerebral hemisphere separately, allowing one to visualize medial surfaces (ie, Figure 4 , patient S4, top). This view is unobtainable with other automated 3D volume-rendering methods (such as those used in Analyze) that use virtual ray tracing to simulate reflected light from the whole brain surface in vivo. The benefits are readily apparent in a comparison of the Freesurfer renderings with those obtainable with the skullstripped, volume renderings available in Analyze. Figure 5A shows a complete loss of sulcal definition and a lack of anatomic landmarks for electrode localization, whereas Figure 5D shows the same patient with intact sulcal definition, gyral patterns, and anatomic specificity generated with the algorithms in Freesurfer. Even though the rendering time of Freesurfer is substantially longer than Analyze, the resulting surface rendering has vastly improved architecture when reconstructing brain images corrupted by electrode susceptibility artifacts.
More research needs to be done to further elucidate the amount of cortical surface actually sampled by the electrodes by using more sophisticated algorithms. [29] [30] [31] In this study we do not assume that the electrode shadows indicate the origins of the iEEG signals for all electrodes at all times. This complex source-modeling problem may, however, now be addressable with our method of postimplantation MRI reconstruction and electrode projection.
Projecting electrode shadows to the brain surface provides an illustrative tool for locating electrodes straddling a sulcus well before neurosurgeons are faced with them in the operating room at the time of epileptic zone resection. Based on proximity alone, these electrodes potentially record iEEG signals from the 2 different gyri and the underlying sulcus, potentially confounding seizure onset localization and interpretation. Without the shadows, this type of electrode can be identified, but in the 5 cases presented here, it proved less obvious in visual assessments.
Another major advantage to our method is that our technique places physically measured CT electrode positions onto the 3D model, removing the need for manual determination of electrode positions, such as those described in other methods. 18, 19 Human error is removed from electrode placement measures. This is possible because the electrodes lie outside of postimplantation MRI 3D surface renderings, as opposed to methods that use pregrid MRI scans that result in electrodes lying beneath the brain surface owing to compression effects.
There are disadvantages and limitations to the current algorithm, including the added radiation and cost of a post-implantation CT scan over a plain x-ray (although CT may often be included in routine postcraniotomy care). Others have used plain x-ray images to similar effect. Although less expensive and of lower radiation dose, the projection of x-ray data onto the brain surface requires a vertex point for back projection 10 and manually defined landmarks. 12 This method ultimately lacks the 3D information required for visualizing foreshortened electrode strips oriented along the x-ray path rather than perpendicular to the x-ray beam, and lacks information for medially located electrodes, both of which are visualized readily with our technique.
Postimplantation MRI also adds cost, but it is necessary to visualize the cortical displacement and flattening that affect electrode position relative to the brain surface. The MRI was gathered within 12 hours of surgery in all patients included in this analysis. However, because the costs of these additional MRI scans is not negligible, our group has more recently resorted to collecting the additional MRI the day before resective surgery with the addition of fiducial scalp markers for use in both intraoperative surgical navigation (Stealth Station, Medtronic Corp, Minneapolis, Minnesota) and 3D electrode position modeling. We noticed no adverse processing effects from waiting additional time to acquire the MRI (data on such patients not shown). We also more recently collected the CT data without a gantry angle (similar to patient S4) to reduce interpolation errors.
The cortical surfaces produced by Freesurfer can be mildly degraded by the metallic susceptibility artifacts in the MR images. However, the Freesurfer cortical models are far superior to those produced using 3D volume rendering of gray matter boundaries revealed by skull stripping alone ( Figure 5 ). Freesurfer can sometimes require manual edits to skull stripping to prevent surface imperfections typically caused by metallic susceptibility artifacts or complex extraparenchymal fluid collections. This is the only potential manual step in our algorithm, and can typically be remedied by use of the automated BET tool (FMRIB tool library). It should be noted that the time of Freesurfer processing is greatly affected by poor skull stripping, because more topological corrections need to be applied in the final surface creation. In 2 cases (S2 and S3) time was limited between grid placement and follow-up surgery. The BET tool was used to improve skull stripping, reducing defects Freesurfer would later have to correct, and the processing was limited to only the hemisphere bearing electrodes. This reduced processing time to approximately 8 to 10 hours.
Qualitative validation of the 3D models was done using photographic representations of the reopened craniotomy field because photographic registration is currently one of the standard means of electrode localization. 10, 18, 19 One major concern was that the 3D surface model of the brain might resemble cortex upon inspection on a computer screen, but not fully represent the actual cortical anatomy upon inspection of the operative field, owing to mislabeling of cortex in the Freesurfer model caused by electrode susceptibility or other defects. The yellow lines placed on both the 3D models and the photos in Figure 3 show the qualitative accuracy of the 3D reconstruction in depicting the underlying anatomy at surgery.
Special care was taken to ensure that the electrodes stayed in the same position on the surface of the cortex during surgical reopening, but this validation method has significant disadvantages because the electrodes were photographed in the decompressed state. This allowed for a qualitative comparison of electrode placement along the cortical surface between our 3D model and the photographic images. We therefore examined and compared the electrode's relative position in comparison with cortical anatomy, paying close attention to sulcal-straddling electrodes, whose position could potentially confound interpretation of recorded iEEG signals. Photographic comparison also verified qualitatively that the electrodes had not moved relative to the cortical surface during the different stages of seizure monitoring and craniotomy reopening.
The main strength of our 3D modeling technique is that electrodes are visualized in the compressed state where they rest during inpatient monitoring. Because compression is relieved at the time of reopening, quantitative validation of electrode positions is fundamentally impossible with photography alone. Future studies could potentially compare leading techniques of quantitative electrode localization such as those described in Dalal, Miller, Kovalev, 19 In addition, measurements of electrode shift at several time points throughout the duration of video-iEEG monitoring are needed to evaluate reliability and temporal stability of 3D models as opposed to photographic (or other) data obtained at a single time point. Changes in position caused by removal of bandages and other activities of daily living may cause additional variance in measurements of electrode position. This type of measurement would be possible with additional CT and MR imaging before resection. Our 3D models could also be verified using intra-operative navigational techniques, comparing modeled electrode position to that physically measured at the time of resection. This method, however, would be analogous to the photographic validation previously discussed and subject to the same disadvantages. Therefore, it may be more intuitive to use intraoperative navigation to measure electrode shifts along the cortical surface between measurements in the compressed and subsequent decompressed states. Finally, a quantitative study formally comparing cost functions when coregistering postgrid MRI and CT data should be done for optimization and validation.
The technique described here provides several advances in subdural electrode localization and 3D modeling. For the first time, we demonstrate the reconstruction and rendering of cortical brain models by use of MRI acquired after electrodes have been placed on the brain. This accounts for cortical compression and brain shift caused by surgery and electrode grids, never previously addressed. Our technique also allows visualization of medially placed electrodes, because individual hemispheres are modeled separately. We also demonstrate the ability to detect sulcal-straddling electrodes before resective surgery, allowing for more accurate surgical strategizing and planning. We expect that this new 3D modeling technique will allow epileptologists and neurosurgeons to more precisely determine resective margins of epileptic zones, and subsequently increase success rates in surgical intervention. This technique may also provide the level of accuracy required for source modeling of iEEG data, 30, 31 both in research and potential clinical applications. Illustration of the creation and implementation of electrode shadows on patient S1. A, electrodes from binarized CT data are shown in yellow. Thin red outline indicates the pial brain surface, and the thin green outline indicates the white matter/gray matter boundary. B, illustration of the benefit of volumetrically smoothing electrodes before projection. The partially inflated pial brain surface is shown with a yellow line that intersects with all electrodes. C, electrode shadows cast onto the pial surface without electrode smoothing. D, smoothed CT electrode projected as surface shadows cast upon the pial brain surface. E, electrode placement cartoon indicating electrode names and numbers in patient S1. F, combination of 3D representation of binarized electrodes (teal) from A and electrode shadows from C for final visualization with 3Dslicer. Illustration of the use of electrode shadows in determining sulcal-straddling electrodes. Top, cortical electrode model of patient S5. Middle, zoomed in view of electrodes with shadows, suspected sulcal-straddling electrodes circled in red. Bottom, same view without shadows. Three-dimensional electrode representations in 3 patients (without electrode shadows) cast on the brain surface in patient S1 (A), patient S2 (C), and patient S3 (E). Corresponding digital intraoperative photographs of brain anatomy before electrode explantation and resection of epileptic zones are shown in B, D, and F, respectively. Yellow lines indicate major sulcal patterns for identification and comparison of electrode positions. Red lines indicate the edges of dural flaps that cover some electrodes in the digital photographs. Two asterisks (**) in A and B indicate the temporal-occipital electrode strip shown in Figure 2E for patient S3. Three asterisks (***) indicate a suction instrument holding down the grid for photography in A and B, a single asterisk (*) indicates a metal marker in the grid provided by the vendor, rather than a spurious electrode. Final cortical surface electrode models for all 6 patients (S1 to S6) illustrating grid and strip electrode locations and their corresponding projected shadows. Patient S4 illustrates the ability to visualize medial electrodes between hemispheres, as a partial grid of electrodes is shown placed over corpus collosal defect. Orbiting electrodes from the right hemisphere are visible in patient S4's model. In the reconstruction of patient S3, electrode shadows were unable to be generated. Larger grounding electrodes attached to the skull are visible in patients S1 (posterior), S2 (lateral), S3 (lateral), S5 (posterior), and S6 (dorsal). Brain compression caused by the grid is clearly visible in the lower panels of S1, S2, and S3. 
